The effects of heat-treatment ͑before and after anodization͒ on the microstructure and electrochemical characteristics of anodized aluminum oxide films formed in 85°C aqueous ammonium adipate electrolyte were investigated. The morphology and crystal structure of the anodized oxide were examined by transmission electron microscopy. The capacitance, relative dielectric constant, electrochemical impedance spectroscopy, and I-V behavior of the oxide film were also determined. Both pre-and post-heattreatment at 500°C could induce the formation of crystalline ␥Ј-Al 2 O 3 in the outer layer of anodized oxide and consequently increase the relative dielectric constant of the film. The differences in the morphology and crystalline characteristics between the anodized oxide subjected to pre-and/or post-heat-treatments led to variations in the electrochemical properties. The pre-heattreatment could economize the required charge to anodize the oxide and retard the growth of film thickness during anodizing. Thermal-induced phase transformation from amorphous to crystalline oxide of the anodized film due to post-heat-treatment, could leave some defects and substantially decrease the electrical resistance of the oxide layer. The reanodization further developed and extended the crystalline oxide formation, which subsequently increased the relative dielectric constant of the oxide film. Barrier aluminum oxide finds many applications in the integrated circuit process, 1 thin film transistor/liquid crystal display fabrication, 2 metal-insulator-metal cathodes for electron-beam lithography, and electrolytic capacitors.
Barrier aluminum oxide finds many applications in the integrated circuit process, 1 thin film transistor/liquid crystal display fabrication, 2 metal-insulator-metal cathodes for electron-beam lithography, and electrolytic capacitors. 3 Depending on the anodizing conditions, either amorphous or crystalline barrier aluminum oxide can be formed. Because the crystalline oxide can sustain a higher voltage, 4 has a higher relative dielectric constant, 5, 6 and possesses a lower ionic conductivity than that of the amorphous oxide film, work on developing an anodized film with a high degree of crystallinity is of continuous interest to researchers. 7 Crystalline oxide growth may be promoted by the presence of a thin layer of thermal oxide on the surface of aluminum. 5, [8] [9] [10] [11] [12] The thermal oxide, which contains ␥-Al 2 O 3 13,14 crystals, becomes incorporated into the growing barrier oxide and acts as nuclei for the amorphous to ␥Ј-Al 2 O 3 transformation. 10, 11 But the development, during the anodization, of ␥Ј-Al 2 O 3 within the anodized oxide film formed on aluminum covered with a thin thermal oxide is strongly influenced by the nature of the anion species of the electrolytes. 15 Although the film morphology, crystalline characteristics, and growing mechanism of dielectric oxides anodized in borate and phosphate electrolytes had been extensively reported, [10] [11] [12] [15] [16] [17] those formed in ammonium adipate solution, a common medium to anodize the aluminum for use in lowvoltage electrolytic capacitors, were rarely explored.
In a recent study, the dependence of the microstructure of aluminum anodized film on the forming voltage in ammonium adipate solution has been elucidated. 6 Whether the heat-treatment before the anodizing process in ammonium adipate solution affects the transition from amorphous to crystalline form for the anodized film is of interest and is studied here. Furthermore, because post-heattreatment and reanodization are common practices in the fabrication of an anodized aluminum foil for electrolytic capacitors, the effects of post-heat-treatment and reanodization on the crystalline characteristics as well as the electrochemical performance of the anodized oxide are also examined in this work.
Experimental
Specimens 10 cm 2 in area were cut from 100 m thick, O-temper, 99.99% aluminum foil containing 0.0028 Fe, 0.0033 Si, and 0.0016 wt % Cu. All specimens were washed in HNO 3 ϩ Na 2 SO 4 solution at 80°C for 2 min to remove the oxide and the grease on the sample surface, then rinsed thoroughly in deionized water, and finally dried in a warm airstream. Some of the cleaned aluminum foils were heat-treated in air at 500°C for 30 min. The cleaned and the preheat-treated specimens were than anodized in ammonium adipate solution ͑150 g/1000 g H 2 O) at 85°C. A 304 stainless steel ͑SS͒ plate was used as the counter electrode. A constant current density of 25 mA/cm 2 was passed through the cell between the aluminum sample and the counter electrode until the potential difference reached 100 V. Then, the voltage was held for 10 min, and the current was allowed to decay. During the anodization, the variation of the current density with time ͑i-t curve͒ was recorded. Post-heat-treatments at 500°C for 30 min were applied to some of the anodized specimens. Among the anodized specimens, some were further reanodized using the same process except for a holding time shortened to 2 min in the controlled-potential stage. The preceding conditions for specimen preparation are listed in Table I .
The ultrathin sectioning technique 18, 19 was employed to prepare the cross-sectional samples of the anodized aluminum foils for the transmission electron microscopy ͑TEM͒ analysis. Anodized specimens were first cut into strips about 0.1 ϫ 20 mm. These strips were then placed vertically in gelatin capsules containing Spurr's epoxy resin mix. The capsules were kept under reduced pressure by an aspirator. This allowed the resin to fully penetrate the surface of each specimen. The samples were then kept at 60°C over 24 h for complete polymerization. The blocks of resin were trimmed initially with a steel knife and sectioned with the diamond knife of an ultramicrotome. The cutting direction was parallel to the metal/film interface, and the section thickness was generally 40-60 nm. The sections were mounted on copper grids and examined in a transmission electron microscope at 200 kV. A camera length of 100 cm was adopted as the nanobeam electron diffraction was performed.
The capacitance of the various anodized oxide films in 25°C aqueous ammonium adipate solution ͑150 g/1000 g H 2 O) was measured using a typical LCR meter. A pure aluminum sheet with a very large area was used as the counter electrode. The perturbation was 1.2 V rms at 120 Hz.
Electrochemical impedance spectroscopy ͑EIS͒ was also carried out to investigate the electrochemical characteristics of the anodized oxide film. The test cell was a three-electrode system with the anodized aluminum assembled as the working electrode. A platinum sheet and a saturated calomel electrode were used as the counter electrode and the reference electrode, respectively. The latter employed a salt bridge with a probe adjacent to the working electrode.
The testing solution was also a 25°C aqueous ammonium adipate solution ͑150 g/1000 g H 2 O). An EG&G model 263 potentiostat connected to a Solartron 1255 frequency response analyzer was used for the electrochemical measurement. The input voltage signal had an amplitude of 10 mV rms at open-circuit potential and typically scanned from 100 kHz to 5 MHz.
The current-voltage ͑I-V͒ curves of the various anodized aluminum electrodes were measured by a sourcemeter ͑Keithley 2400͒. The voltage scanning rate was 2 V per second, and the variation of the current was recorded. The test was performed in 25°C aqueous ammonium adipate solution ͑150 g/1000 g H 2 O), and a 304 SS plate was used as the counter electrode.
Results and Discussion
Morphology and microstructure of the anodized oxide films.- Figure 1a shows the cross-sectional morphology of the aluminum foil anodized at 100 V in 85°C ammonium adipate solution ͑condition A͒. A barrier oxide film, about 165 nm thick, was clearly identified on top of the aluminum substrate as a grayish band. The crystal structure of the anodized oxide film was examined by electron diffraction. Figure 1b presents the analytic result, indicating the amorphous nature of the anodized oxide. The morphology and crystal structure of the oxide layer subjected to reanodization treatment ͑condition B͒ were similar to those revealed in Fig. 1 . But the thickness of the amorphous oxide film increased slightly to about 170 nm.
The TEM bright-field image of the anodized oxide film formed on the pre-heat-treated aluminum surface ͑condition C͒ is shown in Fig. 2a . The image shows that the oxide consisted of two distinct zones. Nanobeam electron diffraction analysis indicated the presence of a crystalline outer layer on top of the inner amorphous anodized oxide. The nanobeam electron diffraction patterns of the outer layer of crystalline oxide, with ͑001͒, ͑011͒, and ͑111͒ poles, are shown in Fig. 2b , c, and d, respectively. The analytic result confirmed that the oxide was ␥Ј-Al 2 O 3 . 20 Clearly, pre-heattreatment at 500°C for 30 min assisted the formation of crystalline oxide in the anodized film. It has been reported that the thermally formed crystalline ␥-Al 2 O 3 could act as the nucleation site for forming ␥Ј-Al 2 O 3 in Al anodizing. 10, 11 The presence of the outer layer of crystalline ␥Ј-Al 2 O 3 , as revealed in Fig. 2a , was probably associated with the thermal oxide formed during pre-heat-treatment. It has been shown that the aluminum oxide film grew by both outward diffusion of aluminum ions and inward diffusion of oxygen ions during the anodization. 21, 22 The layered structure observed in caused the formation of amorphous oxide at the ␥-Al 2 O 3 /Al substrate interface. As the anodization process continued, two distinct layers of oxide, with one crystalline outer layer and another amorphous inner layer, thus developed.
Thorough examination of the TEM image showed that the crystalline ␥Ј-Al 2 O 3 was not uniform. Some region of the anodized oxide was completely amorphous throughout the whole thickness. This observation suggested that the surface was not completely covered by ␥-Al 2 O 3 after pre-heat-treatment at 500°C for 30 min. The thickness of the anodized film in the region without crystalline oxide was greater than that with an outer crystalline layer. This observation suggested that ionic diffusion in the amorphous oxide was faster than in the crystalline oxide. In general, the average anodized film thickness was about 150 nm, which was thinner than that of the film anodized on the Al foil without pre-heat-treatment ͑condition A͒. Clearly, the presence of thermal oxide on the aluminum electrode could retard the growth of the aluminum oxide film during the anodization. Figure 3 shows the TEM micrograph of the reanodized oxide film formed on the pre-heat-treated Al surface ͑condition D͒. The reanodization treatment caused a slight increase in the average oxide film thickness ͑155 nm͒ compared to that of condition C. The outer crystalline layer extended, whereas the thickness of the inner amorphous layer remained almost unchanged. It seemed that the inward diffusion of O 2Ϫ to form amorphous oxide was retarded by the existing external crystalline oxide. However, the outward diffusion of Al 3ϩ to form crystalline oxide did not slow down in the amorphous zone. As a result, the outer layer of crystalline oxide had a relatively slight increase in thickness.
For the specimen prepared according to condition E, the crosssectional morphology is demonstrated in Fig. 4 . An obvious change in the TEM image was noticed, as compared with that shown in Fig. 1 . The image shown in Fig. 4 exhibited an outer layer with dispersed crystalline oxide and an inner amorphous oxide layer. The crystal structure and their distributions were identified by electron diffraction analyses. The crystalline oxide formed in the outer layer after post-heat-treatment was confirmed to be ␥Ј-Al 2 O 3 . The results demonstrated that post-heat-treatment could induce amorphous-tocrystalline transformation for the anodized oxide. Interestingly, the heat-treatment-induced crystalline formation occurred in the outer layer, not in the inner layer, of the anodized film. More work is needed in the future to clarify the selective transformation behavior of the heat-treated anodized oxide. For the specimen prepared following the process of condition E, the oxide layer was about 175 nm thick. This implied that further thickening of the oxide film occurred during post-heat-treatment at 500°C for 30 min. Moreover, the re- sults from electron diffraction analysis indicated that the crystalline oxide formed during post-heat-treatment was ␥Ј-Al 2 O 3 rather than ␥-Al 2 O 3 .
Reanodizing of the post-heat-treated anodized film ͑condition F͒ gave rise to a more complicated microstructure, as shown in Fig. 5 . The TEM image shown in Fig. 5 seemed to reveal that a continuous layer of crystalline oxide formed between an outer layer in which the crystalline phase dispersed in the amorphous substrate and an inner amorphous layer. As mentioned earlier, the amorphous phase would provide an easy path for both Al 3ϩ and O 2Ϫ diffusion. Because the outer layer of the post-heat-treated anodized film consisted of amorphous oxide with dispersed ␥Ј-Al 2 O 3 , there still existed an easy diffusion channel between crystalline oxide particles in the outer layer. By holding the voltage at 100 V for 2 min during the reanodizing treatment, the almost equal flux of Al 3ϩ and O 2Ϫ could reach a position near the center of the anodized film. Consequently, the growth of the already existing ␥Ј-Al 2 O 3 became favored, and a continuous layer of ␥Ј-Al 2 O 3 was formed. Because the holding time at 100 V was only 2 min, this crystalline oxide layer did not grow throughout the whole thickness. As a result, the complicated microstructure revealed in Fig. 5 consisted of an inner amorphous and intermediate continuous ␥Ј-Al 2 O 3 and an outer crystalline dispersed amorphous layer. Obviously, reanodizing could contribute to the oxide film thickening process. The average oxide film thickness of the specimen prepared according to condition F was 180 nm. The average oxide film thicknesses of all the specimens examined are listed in Table II .
As revealed in Fig. 2-5 , cracks or defects were formed in the anodized film, particularly in the regions containing the crystalline phase. Post-heat-treatment further increased the amount of defects formed in the anodized oxide film and subsequently increased the brittleness of the oxide. The through-film-thickness cracks shown in Fig. 4 and 5, formed during cutting and ultramicrotomy for TEM specimen preparation, were believed due to the increase of film brittleness.
The charge required to form the anodized oxide layer.-The variations of current density and potential with time were recorded during anodizing. Figure 6 plots the changes of potential and the anodizing current densities at the initial stage ͑0-50 s͒ for the aluminum foil, illustrating the effect of pre-heat-treatment ͑500°C in air, for 30 min͒. As seen in this figure, it took about 7 and 10 s, respectively, for the specimens with and without pre-heat-treatment to reach the defined voltage ͑100 V͒ under a constant-current ͑25 mA/cm 2 ͒ condition. Then the anodizing process was switched to voltage-control mode. As shown in Fig. 6 , the current density immediately decreased as soon as the control mode was changed. The charge required to form the anodized oxide layer with or without the thermal oxide on the aluminum, evaluated by integrating the ob- tained i-t curves during anodizing ͑10 min͒, was 225 and 300 mC/cm 2 , respectively. Clearly, there was about 25% charge economized to form the anodized oxide film when the aluminum foil was pre-heat-treated at 500°C in air for 30 min. The reduction of required charge to form the anodized oxide film due to the presence of thermal oxide well agreed with the previous reports, 10, 12 in which the aluminum foils were anodized in electrolytes other than ammonium adipate solution.
Relative dielectric constant of the anodized oxide films.-The capacitances, measured in ammonium adipate solution by a typical LCR meter, of the anodized aluminum oxides formed in various conditions are listed in Table II . The capacitance ͑C͒ can be expressed by the following equation
where o represents the dielectric constant in vacuum (8.854
Ϫ12 F/m͒, r is the relative dielectric constant of the anodized oxide film, a is the area of the electrode, and d is the thickness of the dielectric layer. For a given a and with d measured from the TEM micrograph, the relative dielectric constant of each anodized oxide film can be calculated. The results calculated for various anodized oxides are also listed in Table II . For conditions A and B, the relative dielectric constants of the anodized oxide films were the same ͑11.6͒. In both cases, the anodized oxides were amorphous. When pre-heat-treatment was applied, as for conditions C and D, the relative dielectric constants of the anodized film increased. The presence of ␥Ј-Al 2 O 3 in the anodized film was the main factor for the high relative dielectric constant observed. Under anodizing condition D, the amount of ␥Ј-Al 2 O 3 in the anodized film was more than that anodized under condition C ͑as discussed in the previous section͒; therefore, the relative dielectric constant of the former was higher than that of the latter. Although post-heat-treatment could cause the transformation of amorphous oxide to crystalline oxide, lower val- ues of relative dielectric constants for the anodized films prepared according to conditions E and F ͑as compared to those of conditions C and D͒ were found. The change of the relative dielectric constants was probably due to the difference in distribution of crystalline ␥Ј-Al 2 O 3 within the anodized films. The relatively higher values of the relative dielectric constants observed for the reanodized oxides, for both pre-and post-heat-treated specimens, were attributed to the higher amount of ␥Ј-Al 2 O 3 in the film.
Electrochemical characteristics of the anodized oxide
films.- Figure 7 shows the results of EIS measurements conducted in ammonium adipate solution ͑150 g/1000 g H 2 O) for the various anodized aluminum specimens. As seen in this figure, capacitive behavior was dominant over the frequency range considered in this investigation for all the electrodes with different forming conditions. The impedance data presented in terms of a Nyquist plot ͑Fig. 7a͒ or Bode plots ͑Fig. 7b and c͒ all indicated that these electrodes could be simulated by an equivalent circuit with a single time constant, as demonstrated in the inset of Fig. 7a . The equivalent circuit consisted of a parallel combination of the oxide film resistance (R OX ) and capacitance (C OX ), connected in series to a solution resistance (R S ). With this equivalent circuit and the impedance spectrum obtained, the resistances and the capacitances of the anodized aluminum oxide films formed at various conditions could be evaluated. The results are listed in Table III . The magnitudes of the capacitances determined using EIS generally agreed with those determined by LCR meter under a fixed frequency of 100 Hz ͑Table II͒. The effect of anodizing condition on the change of capacitance could also be resolved using both EIS and LCR methods, and the results agreed well each other.
As can be seen in Table III , the resistance of the amorphous oxide film was higher than that containing crystalline oxide. The defects induced from the crystallization of ␥Ј-Al 2 O 3 caused a decrease in the film resistance (R OX ). Post-heat-treatment rendered the anodized film with an increasing amount of defects in the oxide and consequently gave rise to the lowest film resistance ͑210 M⍀ cm 2 ͒. However, the reanodizing treatment could help to seal the defects induced by crystallization of amorphous oxide to form ␥Ј-Al 2 O 3 , resulting in a recovery of the film resistance. The effect of reanodizing treatment on repairing the defects in the anodized film containing crystalline ␥Ј-Al 2 O 3 was also recognized for the pre-heattreated specimen ͑comparing conditions C and D͒. Figure 8 plots the I-V curves of the anodized aluminum electrodes determined in ammonium adipate solution ͑150 g/1000 g H 2 O) at 25°C, and at a potential sweeping rate of 2 V/s. The curves in Fig. 8 demonstrate that the current density increased gradually with increasing potential until an abrupt transition. Before the transition occurred, the current detected is considered as the leakage current. The higher leakage currents observed for curves E and F were consistent with the lower oxide resistance as determined in EIS analyses ͑see Table III͒ . Clearly, post-heat-treatment would lower the oxide resistance by forming crystallization-induced defects. As seen in Fig. 8 , the reanodization process would lower the leakage current of the anodized films ͑by comparing curves A, C, and E with curves B, D, and F, respectively͒. The beneficial effect of reanodization in repairing the defects within the anodized film was clearly demonstrated. The occurrence of transition, or the abrupt increase in current density, is associated with the breakdown of the dielectric oxide layer. Therefore, the transition potential could be used to evaluate the stability of the anodized oxide. For comparison, the transition voltage was determined from the I-V curve at the point where the slope equaled 1 ϫ 10 Ϫ4 ͑mA/cm 2 ͒/V. In this investigation, the transition voltages were close to the forming voltage ͑i.e., 100 V͒. For the specimen anodized according to condition A, the transition voltage was 98 V, which was lower than that anodized according to condition C ͑102 V͒. This implied that pre-heattreatment would lead to the formation of a more stable anodized oxide. As pointed out earlier, crystalline oxide, ␥Ј-Al 2 O 3 , was formed when applying pre-heat-treatment. The higher transition voltage determined in case C, compared to that in case A, was probably associated with the existence of crystalline oxide in the anodized film. The lowest transition voltage ͑95 V͒ was found in case E. This anodized film ͑post-heat-treated but without reanodization͒ contained a relatively higher density of defects. The stability of this anodized film thus deteriorated. Furthermore, the transition voltages for the reanodized oxide ͑conditions B, D, and F͒ were all higher than those without reanodization treatment ͑conditions A, C, and E͒. This observation indicated that reanodization improved the oxide film stability.
Conclusions
The effects of heat-treatment and reanodization on the morphology, crystal structure, and electrochemical properties of anodized aluminum oxide films formed in 85°C aqueous ammonium adipate electrolyte ͑150 g/1000 g H 2 O) are summarized as follows.
1. Pre-heat-treatment could economize the required charge to form the aluminum anodized film and induce the formation of the crystalline ␥Ј-Al 2 O 3 in oxide. The anodized film consisted of two distinct zones: an outer crystalline layer and an inner amorphous layer. The presence of thermal oxide on the aluminum foil ͑formed during pre-heat-treatment͒ could retard the growth of the oxide during the anodization and consequently decrease the film thickness.
2. Post-heat-treatment could induce amorphous-to-crystalline transformation in the outer layer of the anodized oxide. An outer layer with dispersed ␥Ј-Al 2 O 3 crystalline oxide and an inner amorphous oxide layer were observed in the TEM micrograph. The defects induced from the crystallization of ␥Ј-Al 2 O 3 would significantly decrease the film resistance and deteriorate the stability of the 3. The presence of the crystalline ␥Ј-Al 2 O 3 within the anodized oxide could increase the relative dielectric constant of film. The higher value of the relative dielectric constants observed for the pre-heat-treated and reanodized oxides were attributed to the higher amount of ␥Ј-Al 2 O 3 in the film.
4. Reanodization process of the aluminum oxide could extend the crystalline ␥Ј-Al 2 O 3 within the film and help to seal the defects induced by crystallization of amorphous oxide. This process resulted in an improved electrical resistance and stability of the anodized oxide film.
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